Abstract. Alzheimer's disease (AD) and aging result in impaired ability to store memories, but the cellular mechanisms responsible for these defects are poorly understood. Presenilin 1 (PS1) mutations are responsible for many early-onset familial AD (FAD) cases. The phenomenon of hippocampal long-term potentiation (LTP) is widely used in studies of memory formation and storage. Recent data revealed long-term LTP maintenance (L-LTP) is impaired in PS1-M146V knock-in (KI) FAD mice. To understand the basis for this phenomenon, in the present study we analyzed structural synaptic plasticity in hippocampal cultures from wild type (WT) and KI mice. We discovered that exposure to picrotoxin induces formation of mushroom spines in both WT and KI cultures, but the maintenance of mushroom spines is impaired in KI neurons. This maintenance defect can be explained by an abnormal firing pattern during the consolidation phase of structural plasticity in KI neurons. Reduced frequency of neuronal firing in KI neurons is caused by enhanced calcium-induced calcium release (CICR), enhanced activity of calcium-activated potassium channels, and increased afterhyperpolarization. As a result, "consolidation" pattern of neuronal activity converted to "depotentiation" pattern of neuronal activity in KI neurons. Consistent with this model, we demonstrated that pharmacological inhibitors of CICR (dantrolene), of calcium-activated potassium channels (apamin), and of calcium-dependent phosphatase calcineurin (FK506) are able to rescue structural plasticity defects in KI neurons. Furthermore, we demonstrate that incubation with dantrolene or apamin also rescued L-LTP defects in KI hippocampal slices, suggesting a role for a similar mechanism. This proposed mechanism may be responsible for memory defects in AD but also for age-related memory decline.
INTRODUCTION
Alzheimer's disease (AD) and aging result in impaired ability to store memories, but the mechanisms responsible for these defects are poorly understood.
The physiological substrate of information storage in the hippocampus has been proposed to involve long-term potentiation (LTP), an activity-dependent, persistent increase in synaptic transmission. Hippocampal LTP can be described by two different functionally and mechanistically distinct forms [1] [2] [3] [4] . The short term form or E-LTP (early LTP) is usually induced by single high frequency stimulation, and lasts up to 1 h in vitro. E-LTP is mediated by phosphory-ISSN 1387-2877/15/$35.00 © 2015 -IOS Press and the authors. All rights reserved lation of existing proteins without synthesis of new proteins. The long-lasting form or L-LTP (late LTP) is induced by multiple high frequency stimulation, lasts at least 4 h, and requires transcription and protein synthesis. It is widely assumed that E-LTP and L-LTP reflect synaptic and cellular processes that occur during formation and storage of memories.
Familial AD (FAD) results from missense mutations in amyloid-␤ protein precursor (A␤PP) or in presenilins (PS). Impaired E-LTP has been extensively documented in FAD mouse models. It has been shown that induction of LTP is impaired in A␤PP transgenic mice or by direct application of A␤ 42 to the hippocampal slices [5] [6] [7] [8] . Impaired E-LTP in these models is explained by synaptotoxic effects of A␤ 42 peptides. PS1-M146V KI mouse model (KI) mice show hippocampal memory defects in behavioral studies starting from 3-4 months of age [9, 10] . These mice do not express human A␤PP and do not generate synaptotoxic human A␤ 42 peptide, and the use of this model in AD research has been controversial. The E-LTP is normal or enhanced in these mice [11] [12] [13] , which contrasts with the memory defects observed in these mice. Recently Auffret et al. reported that although LTP induction is normal or even enhanced in KI mice, the maintenance phase of L-LTP is impaired starting from 3 months of age [12] . These findings provided potential explanation to the behavioral impairment of these mice in the hippocampal memory tasks. In the present study, we set out to determine the mechanisms that could be responsible for long-term synaptic plasticity defects in KI neurons.
LTP can be induced by electrical stimulation or pharmacological manipulations (chemical LTP). Chemical LTP can be induced by application of GABA receptor inhibitors such as bicuculline and picrotoxin (PTX) [14] [15] [16] [17] [18] [19] . In experiments with hippocampal cultures, we focused on analysis of structural plasticity of the spines induced by application of PTX. In experiments with slices, we used electrical stimulation to induce L-LTP. Our results suggested that synaptic plasticity defects in KI mice hippocampal neurons are due to reduced neuronal excitability. Previous studies demonstrated that PS1-M146V KI mutation disrupts endoplasmic reticulum (ER) Ca 2+ leak functions of PS1, leading to ER Ca 2+ elevation [20, 21] , enhanced Ca 2+ -induced Ca 2+ release (CICR) from the ER [20, [22] [23] [24] , increased activation of Ca 2+ -activated potassium channels, and supranormal afterhyperolarization (AHP) [25, 26] . We now demonstrate that enhanced CICR, increased activation of Ca 2+ -activated potassium channels, and supranormal AHP in KI neurons lead to reduced excitability, triggering process of synaptic depotentiation, impaired structural plasticity, and L-LTP. Increased ER Ca 2+ levels, enhanced CICR, and increased AHP have been also reported for aging neurons [27] [28] [29] [30] and impaired maintenance of L-LTP was also observed as a result of aging [31] . Thus, similar mechanism may be applicable not only to memory defects resulting from PS-FAD mutations but also to age-related memory decline.
MATERIALS AND METHODS

Mouse lines
The PS1-M146V knock-in mice (KI) were kindly provided by Dr. Hui Zheng (Baylor University). The colonies (on C57BL/6 background) were established at UT Southwestern Medical Center barrier facility. Wild type (WT) mice of the same strain (C57BL/6) were used in control experiments mice. All procedures involving mice were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center at Dallas, in accord with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals.
Dendritic spine analysis in primary hippocampal neuronal cultures
The hippocampal cultures of PS1-M146V KI and WT mice were established from postnatal day 0-1 pups and maintained in culture as we described previously [20, 21] . Briefly, after dissection and dissociation, neurons were plated on coverslips (pre-treated with poly-lysine) and cultured in neurobasal A medium with addition of 1% FBS and 2% B27. At third day in vitro (DIV3), Ara-C (4 M) was added to prevent glial cell growth. At DIV7 and DIV14, 50% of medium was exchanged with fresh neurobasal A medium containing 2% B27 without FBS. In these culture conditions, the astrocytes constitute about 10-20% in total cells in our cultures at DIV15 as determined by GFAP staining (data not shown). For assessment of synapse morphology, hippocampal cultures were transfected with TD-tomato plasmid at DIV7 using the calcium phosphate method and fixed (4% formaldehyde, 4% sucrose in PBS, pH7.4) at DIV15. A Z-stack of optical section was captured using 100× objective with a confocal microscope (Carl Zeiss Axiovert 100 M with LSM510). At least 20 cultured neurons from three batches of cultures were used for quantitative analysis per genotype. Quantitative analysis for den-dritic spines was performed by using freely available NeuronStudio software package [32] . To classify the shape of neuronal spines in culture, we adapted an algorithm from published method [32] . In classification of spine shapes we used the following cutoff values: aspect ratio for thin spines (AR thin (crit) ) = 2.5, head to neck ratio (HNR (crit) ) = 1.4, and head diameter (HD(crit)) = 0.5 m. These values were defined and calculated exactly as described by [32] .
Whole cell patch recordings and loose patch recordings in hippocampal cultures
Whole cell recordings in ACSF external solution (124 mM NaCl, 26 mM NaHCO 3 , 10 mM glucose, 5 mM KCl, 2.5 mM CaCl 2 , 1.3 mM MgCl 2 , 1 mM NaH 2 PO 4 ) were performed in a current-clamp mode (Axopatch-200B amplifier) using 5-10 M pipettes filled with internal solution (K-Gluconate 140 mM, MgCl 2 2 mM, NaCl 2 mM, ATP-Na 2 2 mM, GTPMg 0.3 mM, HEPES 10 mM). Following establishment of whole-cell configuration, the depolarizing current steps 1 sec in duration from 10 pA to 100 pA in amplitude were injected and the corresponding potential changes were recorded.
Loose patch recordings in Hibernate A solution with B27 and glutamine (Life Technologies) were performed in a voltage-clamp mode (Axopatch-200B amplifier) held at 0 mV using 5-10 M pipettes filled with ACSF external solution. A loose patch (>100 M ) was generated at the neuron soma close to the axon hillock. Spontaneous action potential currents were recorded 10 min from each cell.
Hippocampal slice field recordings
The procedure for hippocampal slice field recordings was adopted from [14] . Hippocampal slices (400 m) were prepared from 3-4 month old animals of either sex. Mice were anesthetized and transcardially perfused with dissection buffer before decapitation. The brain was removed, dissected, and sliced in icecold dissection buffer containing (in mM) 2.6 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 0.5 CaCl 2 , 5 MgCl 2 , 212 sucrose, and 10 dextrose, using a vibratome (Leica VT 1000 S). CA3 were cut off to avoid epileptogenic activity. The slices were transferred into a reservoir chamber filled with ACSF containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 2 CaCl 2 , 1 MgCl 2 , and 10 dextrose. Slices were allowed to recover for 2-5 h at 30 • C. ACSF and dissection buffer were equilibrated with 95% O 2 -5% CO 2 . For recording, slices were transferred to a submerged recording chamber, maintained at 30 • C, and perfused continuously with ASCF with 10 M PTX (Tocris) at a rate of 2-3 ml/min. Field potentials (FPs) were recorded with extracellular recording electrodes (1 M ) filled with ACSF and placed in stratum radiatum of area CA1. FPs were evoked by monophasic stimulation (100-s duration) of Schaffer collateral/commissural afferents with a concentric bipolar tungsten stimulating electrode (FHC, Bowdoinham, ME). Stable baseline responses were collected every 2 min using a stimulation intensity (15-30 A) yielding 30-40% of the maximal response. The initial slope of the FPs was used to measure stability of synaptic responses and quantify the magnitude of LTP. The L-LTP induction protocol was adapted from [14] . Briefly, 100 HZ 1 sec trains of stimulation were repeated 3 times (at 10-min intervals) to induce the L-LTP. The stimulation intensity was the same as test intensity. After induction, the test stimuli were delivered at 2, 4, 6, 8, 10, 14, 18, 22, 26, and 30 min and FPs were recorded. Starting at 30 min, test stimuli were delivered every 15 min and FPs were recorded for 4 h. For apamin treatment experiments, hippocampal slices were pre-incubated with 200 nM apamin for 30 min prior to initiation of recordings in ACSF. For dantrolene treatment experiments, hippocampal slices were preincubated with 1 M dantrolene for 10 min prior to initiation of recordings and 1 M dantrolene was added to the perfusion solution.
Hippocampal slice loose patch recording
Hippocampal slice loose patch recordings were performed as we previously described for cerebellar Purkinje cells [33, 34] . Briefly, hippocampal slices were prepared from WT and KI mice at 3-4 weeks of age. Hippocampal slices were prepared as described above for the field recordings and slices were allowed to recover in ACSF at 35 • C for 30 min and then transferred to room temperature before recordings were made. All recordings were made within 3 h after dissection. Recordings were made at room temperature from slices perfused continuously with ASCF with 10 M PTX (Tocris) at a rate of 2-3 ml/min. Loosepatch recordings were made to evaluate spontaneous activity of pyramidal cells in CA1 region. The patch pipette was filled with 140 mM NaCl buffered with 10 mM HEPES, pH 7.3 and held at 0 mV. A loose patch (<100 M ) was generated at the neuron soma close to the axonal hillock. Spontaneous action potential currents were recorded for 10 min from each cell. The L-LTP induction protocol was the same as in the field recording experiments, and recordings of spontaneous action potentials were initiated within 10 min after the last stimulation train.
Statistical analysis
The results are presented as mean ± SE. Statistical comparisons of results obtained in experiments were performed by Student's t test, or two-way ANOVA or two-way ANOVA with repeated measures, followed by Holm-Sidak's multiple comparisons test. * p < 0.05, * * p < 0.01, and * * * p < 0.001 are indicated in the text and figures.
RESULTS
Structural synaptic plasticity maintenance is impaired in PS1-M146V KI hippocampal neuronal cultures
Induction of LTP causes enlargement and formation of mushroom spines [35] , whereas induction of LTD results in the shrinkage of spine heads [36, 37] . These changes are defined as "structural plasticity". To investigate the mechanisms responsible for L-LTP defects in KI mice hippocampus, we developed a cellular model of structural plasticity in KI hippocampal neuronal cultures. This model is based on morphological analysis of postsynaptic spines, as described in our recent analysis of hippocampal spine maintenance mechanism [21] . We reasoned that studies of spine structural plasticity may provide insights into synaptic plasticity mechanisms in KI neurons.
In our experiments, primary hippocampal neuronal cultures from WT and KI mice were transfected with TD-Tomato construct and exposed to synaptic plasticity induction protocol (application of 100 M PTX). Following PTX exposure, the neurons were fixed and the shape of each spine was determined by automated analysis of TD-tomato confocal images (Fig. 1A) as we recently described [21] (see Methods for details). The spine shape analysis showed that in basal condition the fraction of mushroom spines was higher in WT cultures (27 ± 1%) than in KI cultures (19 ± 2 %) (p < 0.01) (Fig. 1B) , consistent with our previous findings [21] . After application of 100 M PTX for 1 h, the fraction of mushroom spines was increased to 45 ± 2% in WT and to 42 ± 1% in KI cultures (Fig. 1B) . After PTX application for 4 h, the mushroom spines were stable in WT cultures in the presence of 100 M PTX, with the fraction of mushroom spines equal to 36 ± 2% after 4-h PTX exposure (Fig. 1B) . In contrast, the fraction of mushroom spines in KI cultures declined to 25 ± 2% after 4-h PTX exposure (p < 0.001) (Fig. 1B) .
Since mushroom spines are likely to play an important role in the storage of memories [38, 39] , and appearance of mushroom spines correlates with induction of LTP [35] , we reasoned that PTX-dependent induction of mushroom spines in our experiments can be used to investigate "structural synaptic plasticity". In our cellular model, exposure to PTX leads to induction of mushroom spines in both WT and KI neurons, however KI neurons show defect in mushroom spine maintenance in continuous presence of PTX. The KI mice show defect in L-LTP maintenance in hippocampal slices [12] , and we reasoned that the studies in this cellular model of "structural plasticity" may help to understand the reasons for L-LTP impairment in KI hippocampal neurons.
Activity-dependent calcium influx and novel protein synthesis are essential during consolidation phase of structural synaptic plasticity in hippocampal neuronal cultures
To understand the reasons for the "structural plasticity" difference between WT and KI cultures, we first aimed to explore the signaling mechanisms involved in stabilization of mushroom spines following induction by PTX. In functional plasticity studies, transition from E-LTP to L-LTP is defined as "consolidation". Neuronal activity during consolidation plays an important modulatory role. Low frequency activity during consolidation phase can cause "depotentiation" and reversal of synaptic potentiation [1, 2] . These conclusions are based primarily on experiments with hippocampal slices. Does activity play a similar role in stabilization of the "structural plasticity" in cultures ( Fig. 1) ? To answer this question, we washed out PTX after initial 1-h application and quantified the fraction of mushroom spines prior to PTX application, after 1-h PTX exposure and after 3-h washout period in WT and KI cultures. Initial application of PTX resulted in increased fraction of mushroom spines, but following 3-h washout period most mushroom spines disappeared ( Fig. 2A) . In both WT and KI cultures, a fraction of mushroom spines was reduced to basal level of about 20% ( Fig. 2A) . These results suggested that neuronal activity is necessary for mushroom spine stabilization. To test this hypothesis further, we blocked neuronal activity by application of 1 M tetrodotoxin (TTX) after 1-h PTX exposure (in the continued presence of PTX). In these experiments we discovered that most mushroom spines quickly (within 1 h) disappeared in both WT and KI cultures in the presence of TTX (Fig. 2B) .
What are the signaling mechanisms that link neuronal activity with mushroom spine stabilization in these cultures? To test the role of NMDAR and voltage-gated calcium channels, we applied NMDAR inhibitor D-AP5 (50 M) or L-type calcium channel inhibitor nifedipine (50 M) following 1-h application of PTX to hippocampal cultures (in the continued presence of PTX). We discovered that inhibition of either NMDAR or L-type voltage-gated calcium channels during "consolidation phase" resulted in disappearance of mushroom spines within 3 h post-induction in both WT and KI cultures (Fig. 2C, D) . These results suggested the NMDAR and L-VGCC activity during "consolidation phase" is necessary for the maintenance of structural plasticity of the spines, consistent with the previous studies of LTP in hippocampal slices and in cultures [14] [15] [16] [17] [18] .
It is well established that "consolidation phase" of L-LTP depends on novel protein synthesis [1, 2] . To determine if "structural synaptic plasticity" observed in our experiments is also protein synthesis-dependent, we applied protein synthesis inhibitor anisomycin (10 g/ml) after 1-h PTX treatment (in the continued presence of PTX). We discovered that mushroom spines were reduced to basal level in WT and KI cultures in the presence of anysomycin (Fig. 2E) , suggesting that maintenance of structural plasticity in our experiments requires novel protein synthesis, similar to L-LTP.
To better understand observed effects, we evaluated effects of TTX, AP5, Nifedipine, and anisomycin in basal conditions (in the absence of PTX stimulation). We determined that 1-h incubation with TTX or 3-h incubation with AP5, nifedipine, or anisomycin had no effects on the fraction of mushroom spines in WT or KI hippocampal neurons in the absence of PTX stimulation ( Fig. 2F) , suggesting that the observed effects are activity-dependent.
Reduced excitability and abnormal activity of cultured PS1-M146V KI hippocampal neurons
Our results indicate that neuronal activity during consolidation phase plays a key role in maintenance of structural synaptic plasticity (Fig. 2) . Could the abnormal neuronal activity be responsible for structural plasticity defects in KI neurons ( Fig. 1) ? To answer this question, we performed loose-patch recordings of WT and KI neuronal activity during application of PTX. We found that application of PTX initially resulted in very high frequency firing of both WT and KI neurons (Fig. 3A) . After several minutes of continuous high frequency activity, both WT and Fig. 2 . Signaling pathways involved in structural synaptic plasticity in hippocampal neurons. A) PTX was applied to DIV15 WT and KI hippocampal cultures for 1 h, followed by a 3-h washout period. Representative confocal images of WT and KI cultures at the 4-h timepoint are shown. Fraction of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and after a 3-h washout period. At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). B) PTX was applied to DIV15 WT and KI hippocampal cultures for 2 h. TTX in concentration 1 M was added at the 1-h timepoint in the presence of PTX. Representative confocal images of WT and KI cultures at the 2-h timepoint are shown. Fractions of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and at the 2-h timepoint. At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). C) PTX was applied to DIV15 WT and KI hippocampal cultures for 4 h. D-AP5 (AP5) in concentration 50 M was added at the 1-h timepoint in the presence of PTX. Representative confocal images of WT and KI cultures at the 4-h timepoint are shown. Fractions of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and at the 4-h timepoint. At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). D) PTX was applied to DIV15 WT and KI hippocampal cultures for 4 h. Nifedipine (Nif) in concentration 50 M was added at the 1-h timepoint in the presence of PTX. Representative confocal images of WT and KI cultures at the 4-h timepoint are shown Fractions of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and at the 4-h timepoint. At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). E) PTX was applied to DIV15 WT and KI hippocampal cultures for 4 h. Anisomycin (AO) in concentration 10 g/ml was added at the 1-h timepoint in the presence of PTX. Representative confocal images of WT and KI cultures at the 4-h timepoint are shown. Fractions of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and at the 4-h timepoint. At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). F) The average fraction of mushroom spines is shown for DIV15 WT and KI cultures in control conditions (Con) and following exposure to 1 M TTX for 1 h (TTX), 50 M D-AP5 for 3 h (AP5), 50 M Nifedipine for 3 h (Nif), or 10 g/ml anisomycin for 3 h (AO). For each condition and genotype the average fraction of mushroom spines is shown as mean ± S.E (n = 20 neurons).
KI neurons transitioned to bursting firing patterns, characterized by short periods of intense firing separated by prolonged periods of silence (Fig. 3A) . This type of activity has been described in previous studies of bicuculline-induced LTP [15] . We performed quantitative comparison of WT and KI neuronal bursting activity after 1 h and 4 h of PTX exposure. We analyzed the spike frequency within each burst (intra-burst spike frequency) and the frequency of bursts. We found that the average intra-burst spike frequency in WT neurons 1 h after PTX application was 9.2 ± 1.0 Hz (n = 38). The intra-burst spike frequency for KI neurons at the same timepoint was lower at 6.1 ± 0.6 Hz (n = 32), but did not reach significant level (p > 0.05) (Fig. 3A, B) . The intra-burst spike frequency was increased after 4 h of PTX exposure for both WT and KI cultures. For WT cultures, the average intra-burst spike frequency was 15 ± 1 Hz (n = 55) at the 4-h timepoint. The intra-burst spike firing frequency for KI neurons was significantly lower (p < 0.05) at the same timepoint, and equal to 11 ± 1 Hz (n = 56) (Fig. 3A, B) . In contrast to intra-burst firing frequency, frequency of bursts was significant lower (p < 0.05) in WT neurons (0.14 ± 0.01 Hz) than in KI neurons (0.18 ± 0.01 Hz) at the 1-h timepoint (Fig. 3C) . The frequency of bursts was also significant lower (p < 0.05) in WT neurons (0.12 ± 0.01 Hz) than in KI neurons (0.16 ± 0.01 Hz) at the 4-h timepoint (Fig. 3C) . Thus, in continuous presence of PTX, WT neurons fire bursts less often but with higher intra-bursts spike frequency than KI neurons.
One potential reason for reduced intra-burst firing frequency in KI neurons is increased AHP. AHP plays an important role in control of neuronal firing, and increased AHP was reported in cortical and hippocampal slices from PS1-M146V KI mice [22, 23] . To determine if AHP is also enhanced in KI hippocampal cultures, we performed a series of whole-cell recordings in current-clamp configuration. In these experiments, we determined that the resting membrane potential was equal to −56.1 ± 0.2 mV (n = 22) for WT cells and −56.7 ± 0.4 mV (n = 21) for KI cells. The average input resistance was 222 ± 8 M (n = 22) for WT cells and 236 ± 14 M (n = 21) for KI cells. The average cell capacitance was 52 ± 1 pF (n = 22) for WT cells and 53 ± 1 pF(n = 21) for KI cells. None of these parameters was significantly different between WT and KI groups of cells. To compare membrane excitability, WT and KI neurons were stimulated by a 1-s long pulse of current and the number of action potential during current injection was measured (Fig. 4A) . In these experiments, we found that the frequency of AP firing was higher in WT neurons than in KI neurons at all sizes of injected currents, and reach significant level (p < 0.05) at 90 pA and 100 pA (Fig. 4A, B) . For example, the average number of AP induced by 100 pA pulse current injection was equal to 25 ± 1 (n = 22) for WT cells and 13 ± 1 (n = 21) for KI cells (Fig. 4B) . We also directly measured the AHP amplitude following the injection of the current. We determined that average AHP amplitude was 2-fold higherinKIneuronsthaninWTneurons (Fig.4C) .From these results we concluded that AHP is increased and neuronal excitability is decreased in KI hippocampal cultures, similar to conclusions reached in patch-slice recording experiments [22, 23, 26] .
One of the main components of AHP is due to activation of Ca 2+ -activated potassium channels, which can be activated by Ryanodine receptor-mediated CICR from intracellular Ca 2+ stores [40, 41] . In the previous studies, we demonstrated that ER Ca 2+ levels are elevated and RyanR-mediated Ca 2+ release is enhanced in KI neuronal cultures [20] . These changes occur due to impaired ER Ca 2+ leak function of presenilin-1 in KI neurons and compensatory increase in RyanR expression levels [20, 42] . Thus, it is likely that increased AHP and reduced excitability of KI neurons can be caused by enhanced CICR. Similar explanation was offered for reduced excitability of KI neurons in experiments with hippocampal and cortical slices [22, 23, 26, 42] .
To test the role of Ca 2+ -activated potassium channels in control of neuronal excitability, we utilized apamin, a specific blocker of SK family of Ca 2+ -activated potassium channels. Application of apamin increased the frequency of AP firing during current injection in KI cultures (Fig. 4D) . The effects of apamin in these experiments were dose-dependent, with maximal effects observed at concentrations of apamin exceeding 100 nM (Fig. 4E) . To ensure full effect, we added 500 nM of apamin to WT and KI cultures 1 h after PTX exposure and the frequency of neuronal firing was measured in loose-patch recordings at the 4-h timepoint. We found that addition of apamin had minor effect on intra-burst spike frequency for WT cultures (Fig. 3A) . On average, the intra-burst spike frequency at the 4-h timepoint was equal to 19 ± 3 Hz (n = 36) for WT cultures in the presence of apamin and PTX (Fig. 3B) . In contrast to WT cultures, apamin had very significant effect on firing of KI neurons (p < 0.01) (Fig. 3A) . At the 4-h timepoint, the average intra-burst spike firing frequency of KI neurons was increased to 19 ± 2 Hz (n = 47), not significantly different from WT neurons (Fig. 3B) . To evaluate the role of CICR, we incubated the neurons with 1 M of dantrolene, an inhibitor of Ryanodine receptors [43] . Similar to apamin, danrolene in these experiments was added after initial 1-h incubation with PTX and neuronal activity was evaluated by loose-patch recordings at the 4-h timepoint. Addition of dantrolene had minor effect on WT neuronal firing (Fig. 3A) . On average, intra-burst spike frequency at the 4-h timepoint was equal to 18 ± 2 Hz (n = 34) for WT neurons incubated with dantrolene (Fig. 3B) . However, dantrolene resulted in significant increase in firing frequency of KI neurons (p < 0.05) (Fig. 3A) . On average, intraburst spike frequency was equal to 17 ± 2 Hz (n = 39) for KI neurons, not significantly different from WT neurons (Fig. 3B) . Similarly, the differences in the frequency of bursts between WT and KI neurons at the 4-h timepoint disappeared after apamin or dantrolene treatment (Fig. 3C) . We concluded from these experiments that CICR and SK channels play some role in control of excitability of WT neurons, consistent with previous reports [40, 41] . However, CICR and SK channels appear to play much more significant role in control of KI neuronal excitability, presumably due to increased ER Ca 2+ levels and RyanR expression levels in these neurons [20, 42] . It also appears that increased contribution from CICR and SK channels is primarily responsible for reduced excitability in KI neurons, as application of apamin or dantrolene abolished the difference in intra-burst spike frequency and burst frequency between WT and KI neurons at the 4-h PTX exposure timepoint (Fig. 3A-C) .
Apamine and dantrolene rescue structural plasticity defects in PS1-M146V KI hippocampal neurons
Electrophysiological experiments indicated that apamin and dantrolene can normalize firing properties of KI neurons (Fig. 3) . Is normalization of neuronal firing sufficient to rescue the structural plasticity defects in KI neuronal cultures? To answer this question, we applied 500 nM apamin or 1 M dantrolene to WT and KI cultures after 1-h exposure to PTX. In control experiments we demonstrated that 3-h incubation with 500 nM apamin or 1 M dantrolene had no effect on density of mushroom spines in WT and KI cultures in basal conditions (Fig. 5D) . In PTX experiments, we found that in the presence of apamin the fraction of mushroom spines was significantly elevated at the 4-h timepoint for KI neurons (Fig. 5A) . On average, the fraction of mushroom spines at the 4-h timepoint for WT neurons was equal to 43 ± 3 % (n = 20) (Fig. 5B) , not significantly different from the experiments performed in the absence of apamin (Fig. 1B) . For KI cultures, average fraction of mushroom spines at the 4-h timepoint was increased to 33 ± 2% (n = 20) (Fig. 5B) , significantly (p < 0.05) higher than observed for KI cultures in the absence of apamin (Fig. 1B) and not significantly different than observed for WT cultures in the absence of apamin (Fig. 1B) . However, the fraction of mushroom spines in KI cultures in the presence of apamin was significantly (p < 0.05) lower than the fraction of mushroom spines in WT cultures in the presence of apamin (Fig. 5B) . Application of dantrolene abolished the difference between WT and KI cultures (Fig. 5A ). On average, at the 4-h timepoint, the fraction of mushroom spines for WT neurons incubated with dantrolene was equal to 38 ± 3% (n = 20) (Fig. 5C) , not significantly different from the experiments performed in the absence of dantrolene (Fig. 1B) . At the same timepoint, the fraction of mushroom spines in KI cultures in the presence of dantrolene was 34 ± 2% (n = 20) (Fig. 5C) , significantly (p < 0.05) higher than fraction of mushroom spines in KI cultures in the absence of dantrolene (Fig. 1B) and not significantly different from the fraction of mushroom spines in WT cultures in the absence or in the presence of dantrolene (Figs. 1B, 5C ). These results support the hypothesis that enhanced CICR and increased activity of SK channels contribute to impaired structural plasticity in KI cultures.
Apamin and dantrolene rescue L-LTP defects in PS1-M146V KI hippocampal slices
To establish relevance of our findings in neuronal cultures for LTP, we performed a series of electrophysiological experiments with hippocampal slices from 3-month-old WT and KI mice. In these studies, we adopted a slice field recording protocol from the previously published studies of L-LTP [12, 14] . Changes of synaptic strength in these experiments were induced by three trains of 100 Hz tetanus stimulation and followed for 4 h after tetanus stimulation. Each tetanus train was 1 s in duration and these trains were 10 min apart. In contrast to the previous report [12] , we did not observe significant difference in L-LTP between WT and KI slices when tested in standard recordings conditions (data not shown). Thus, we repeated experiments in the presence of 10 M PTX in the bath solution to facilitate induction of L-LTP, as has been previously reported [14] . In these experiments we discovered that tetanus stimulation induces similar enhancement of synaptic strength in WT and KI slices (Fig. 6A, B) . On average, 30 min after stimulation, fEPSP slope was increased 2.6 ± 0.3 fold (n = 7) in WT slices and 2.3 ± 0.2 fold (n = 6) in KI slices, not significantly different from each other (Fig. 7E) . In WT slices, this potentiation lasted at least for 4 h, but in KI slices this potentiation was not maintained within the same period of time (Fig. 6A, B) . On average, 4 h after stimulation normalized fEPSP slope was equal to 2.2 ± 0.4 (n = 7) for WT slices (Fig. 7F) . The normalized fEPSP slope in KI slices returned to basal levels, with average value 1.0 ± 0.1 (n = 6) (Figs. 6A, B and 7F), significantly (p < 0.05) lower than for the WT slices. These results Fig. 5 . Dantrolene or apamin rescue structural synaptic plasticity defect in KI neurons. A) PTX was applied to DIV15 WT and KI hippocampal cultures for 4 h. Apamin (500 nM) or dantrolene (1 M) was added at the 1-h timepoint in the presence of PTX. Representative confocal images of WT and KI cultures at the 4-h timepoint are shown. Fraction of mushroom spines are shown for WT and KI cultures in control conditions, after 1-h PTX exposure and at the 4-h timepoint in the presence of apamin (B) or dantrolene (C). At each timepoint, the average fraction is shown as mean ± S.E (n = 20 neurons). * p < 0.05. D) The average fraction of mushroom spines is shown for DIV15 WT and KI cultures in control conditions (Con) and following exposure to apamin (500 nM) or dantrolene (1 M) for 3 h. For each condition and genotype, the average fraction of mushroom spines is shown as mean ± S.E (n = 20 neurons).
are consistent with the previous report of impaired L-LTP in KI hippocampal slices [12] and also consistent with our results obtained in structural synaptic plasticity model in hippocampal cultures (Fig. 1) .
Can the L-LTP defect be explained by different synaptic responses in WT and KI neurons during LTP induction protocol? To answer this question we analyzed synaptic responses during each train of 100 Hz stimulation (each is 1 s in duration), and we found that the response pattern was similar between WT and KI slices (Fig. 6C) . To quantitatively compare these results, we determined the maximum fEPSP slope during each stimulation train and normalized it to fEPSP slope in basal conditions for the same slice. We did not observe any significant difference in average maximal responses between WT and KI slices during 1st, 2nd, or 3rd stimulation trains (Fig. 6D) . From experiments in neuronal cultures, we concluded that defects in structural plasticity of KI neurons may be explained by reduced neuronal activity of these neurons during consolidation phase. To evaluate importance of this mechanism for slice L-LTP, we performed loose patch recordings of neuronal activity in hippocampal CA1 neurons. We discovered that WT and KI neurons are active in the presence of 10 M PTX. In contrast to cultured neurons (Fig. 3) , neurons in WT and KI slices fired in irregular pattern and did not show an obvious bursting activity (Fig. 6E) . To compare results obtained in different experiments, we determined an average firing frequency for each cell. We found that in basal conditions (in the presence of 10 M PTX) the average firing frequency for WT neurons was equal to 3.1 ± 0.8 Hz (n = 20) and for KI it was equal to 3.3 ± 1.2 Hz (n = 18), not significantly different from each other (Fig. 6F) . After L-LTP induction paradigm (3 trains of 100 Hz 1-s stimulation), the activity of WT neurons was significantly higher than activity of KI neurons when tested 10 min after the last stimulation train (Fig. 6E) . On average, the firing frequency of WT neurons following stimulation was equal to 2.7 ± 0.3 Hz (n = 16), but the average firing frequency of KI neurons was only 1.2 ± 0.2 Hz (n = 22), significantly less (p < 0.05) than for the WT (Fig. 6F) . These results suggested that although L-LTP induction protocol causes similar enhancement of synaptic strength in WT and KI slices (Figs. 6A-D and 7E) , the KI neurons significantly less active than WT neurons following L-LTP induction.
Experiments with neuronal cultures indicated that activity of KI neurons can be rescued by application of SK channel inhibitor apamin and ryanodine receptor inhibitor dantrolene (Fig. 3) . Application of the same agents during consolidation phase also rescued structural plasticity defects in KI neurons (Fig. 5) . To determine if the same approach works for slice L-LTP, hippocampal slices were preincubated with 1 M dantrolene prior to recordings and the same concentration of dantrolene was included in the recording solution. We discovered that dantrolene significantly impaired induction of LTP in WT slices but not in KI slices (Fig. 7A, B) . On average, 30 min after tetanus stimulation the normalized fEPSP slope was equal to 1.8 ± 0.1 (n = 6) for WT slices and 2.6 ± 0.2 (n = 6) for KI slices (Fig. 7E) . In the presence of dantrolene, LTP induction was significantly (p < 0.05) reduced in WT slices, but was not significantly changed in KI slices. Inhibitory effects of danrolene on LTP induction in WT slices are in agreement with the published reports [13, 44] . We have not observed these effects in experiments with neuronal cultures (Fig. 5C ), most likely because in culture experiments dantrolene was added after induction phase of structural plasticity (after 1 h PTX exposure). Previous studies also reported that dantrolene inhibits LTP induction in 3xTg-AD mice [13] . In our experiments, dantrolene had no effect on LTP induction in KI slices (Fig. 7A, B, E) . The difference may be due to difference in mouse model used (KI versus 3xTg-AD), difference in stimulation protocol used to induce LTP or due to different concentrations of dantrolene tested (1 M versus 10 M). Importantly, in the presence of dantrolene, LTP was maintained in both WT and KI slices (Fig. 7A, B) . At the 4-h timepoint, the average normalized fEPSP slope in WT slices was equal to 1.3 ± 0.1 (n = 6), and in KI slices it was equal to 2.2 ± 0.2 (n = 6) (Fig. 7F) .
In experiments with apamin, we pre-incubated hippocampal slices with 200 nM apamin and repeated L-LTP experiments with 3-month-old WT and KI hippocampal slices. We discovered that tetanus stimulation induced LTP of similar amplitude in WT and KI slices preincubated with apamin ( Fig. 7C-E) . Importantly, incubation with apamin was sufficient to stabilize post-tetanus synaptic strength in KI slices (Fig. 7C, D) . At the 4-h timepoint, the average normalized fEPSP slope in WT slices was equal to 1.7 ± 0.2 (n = 6) and in KI slices it was equal to 1.9 ± 0.3 (n = 5), not significantly different from WT (Fig. 7F) . Thus, application of apamin or dantrolene rescued L-LTP defect in KI hippocampal slices, consistent with structural plasticity results obtained in hippocampal cultures (Fig. 5) .
Calcineurin is involved in structural plasticity defect in PS1-M146V KI neurons
The results obtained in our experiments suggested that long-term synaptic plasticity defects in KI neurons are due to abnormal activity pattern of these neurons during consolidation phase. It is well established that neuronal activity during consolidation play an important role in stabilization of the spines [1, 2] . One possible explanation to our findings is that in the absence of proper activity during consolidation phase, spines in KI neurons become unstable, resulting in defects in structural plasticity and L-LTP. Consistent with this explanation washout of PTX or addition of TTX during consolidation phase abolished structural plasticity in our experiments (Fig. 2A, B) . Another possibility is that abnormal neuronal firing triggers an active signaling pathway that leads to mushroom spine removal. Indeed, it has been demonstrated that low frequency activity during consolidation phase can cause "depotentiation" and reversal of LTP in slice experiments [1, 2] .
Calcineurin is a key mediator of "depotentiation" process in slice experiments [1, 2] . Thus, we evaluated effects of calcineurin inhibitor FK506 in structural plasticity model. In control experiments, we demonstrated that 3-h incubation with 1 M FK506 had no effect on steady-state density of mushroom spines in WT and KI cultures in basal conditions (Fig. 8C ).
To establish a role of calcineurin during consolidation phase of structural plasticity, 1 M FK506 was added to WT and KI cultures following 1-h PTX exposure. The cultures were incubated for 3 more hours in the presence of PTX and FK506 and fixed at the 4-h timepoint. In these experiments, we discovered that incubation with 1 M FK506 during consolidation phase rescued mushroom spine stability in KI cultures (Fig. 8A) . On average, in the presence of FK506, mushroom spine fraction at the 4-h timepoint was equal to 37 ± 3 % (n = 20) for WT cultures and 36 ± 1 % (n = 20) for KI cultures, not significantly different from each other (Fig. 8B) . These results suggested that calcineurin is involved in removing mushroom spines in KI cultures following initial induction by PTX.
DISCUSSION
Synaptic plasticity abnormalities in PS1 M146V KI mice
PS1-M146V KI mouse model (KI) is widely used in studies of ER Ca 2+ dysregulation and synaptic dysfunction in AD [20] [21] [22] [23] [24] . These mice also display hippocampal memory defects in behavioral studies starting at 3-4 months of age [9, 10] . However, use of this model in AD research has been controversial. These mice do not express human A␤PP and do not generate synaptotoxic human A␤ 42 peptide. The E-LTP is normal or enhanced in these mice [11] [12] [13] , which contrasted with the memory defects observed in these mice. Recently Auffret et al. reported that although LTP induction is normal or even enhanced in KI mice, the maintenance phase of L-LTP is impaired [12] . These findings provided potential explanation to the behavioral impairment of these mice in the hippocampal memory tasks. However the mechanism for the L-LTP maintenance defect in KI hippocampus was not investigated by Auffret et al. [12] .
LTP can be induced by electrical stimulation or pharmacological manipulations (chemical LTP). Chemical LTP can be induced by application of GABA receptor inhibitors such as bicuculline and PTX. It has been demonstrated that chemical LTP is mediated by NMDAR-mediated Ca 2+ influx which activates CaMKII kinase, ERK1/2-RSK pathway, and CREB phosphorylation [14] [15] [16] [17] [18] [19] . Thus, chemical LTP shares common signaling pathways with electricalstimulation induced LTP. To understand the basis for L-LTP defects in KI neurons, we developed a neuronal culture model of structural synaptic plasticity. Chemical agents have been previously used for analysis of homeostatic plasticity changes in presenilin mutant neurons [45] . In our experiments, we use a fraction of mushroom spines in hippocampal cultures as a readout for structural plasticity. Mushroom spines play an important role in the formation and storage of memories [38, 39] , and we reasoned that studies in this cellular model of "structural plasticity" may help to understand L-LTP impairment in KI hippocampus. We also performed LTP electrophysiological field recording experiments with hippocampal slices to confirm key findings obtained in the culture model. Our data showed that in baseline conditions the fraction of mushroom spines is significantly lower in KI cultures (20%) than in WT cultures (27%) (Fig. 1A, C) . This difference is due to impaired long-term synaptic maintenance mechanisms in KI neurons as extensively investigated in our recent study [21] . Initial exposure to PTX results in rapid firing of WT and KI neurons (Fig. 3A) and fraction of mushroom spines in both cultures increases to approximately 45% level within 1 h of PTX exposure (Fig. 1A, B) . When compared to basal levels, the fractional increase in mushroom spines is actually higher in KI culture ( 25%) than in WT culture ( 18%), which is consistent with enhanced E-LTP observed in KI hippocampal slices in response to electrical tetanus stimulation in some of the published studies [11, 12] . Conversion of E-LTP to L-LTP is necessary for long-term storage of memories. The process of consolidation requires novel protein synthesis and involves incorporation of additional AMPA receptors and other plasticity-related products into the enlarged mushroom spines [46] . Neuronal activity during consolidation plays an important modulatory role. Neuronal action potentials are important for gene transcription and new protein synthesis which is crucial for L-LTP consolidation [47, 48] . High frequency stimulation following LTP induction helps "consolidation" process, whereas low frequency stimulation during consolidation phase can cause "depotentiation" and reversal of synaptic potentiation [1, 2] . Our experiments confirmed importance of neuronal activity during structural plasticity consolidation phase, as removal of PTX, addition of TTX, inhibition of Ca 2+ influx via NMDAR or voltagegated Ca 2+ channels, or addition of protein synthesis inhibitor, destabilized mushroom spines in WT and KI hippocampal neurons (Fig. 2) .
Our results suggest that structural plasticity defect in KI neurons may be explained by reduced firing activity of these neurons (Fig. 8D) . In cell culture loose patch recording experiments, we observed that during consolidation phase both WT and KI neurons fire in bursts, but the intra-burst spike frequency was reduced in KI neurons (Fig. 3A, B) . What is a reason for reduced excitability of KI neurons in these conditions? The PS1-M146V mutation causes disruption of ER Ca 2+ leak pathway and results in elevated ER Ca 2+ levels and increased RyanR expression in KI neurons [20, 42] . Elevated ER Ca 2+ levels and increased RyanR expression lead to enhanced CICR in KI neurons, as has been observed by us and other groups [20, [23] [24] [25] . Enhanced CICR lead to increased activation of SK channels and enhanced AHP [26] (Fig. 4) . Our results suggest that enhanced CICR and increased activity of SK channels is the main reason for reduced firing frequency of KI neurons during consolidation phase. Indeed, application of apamin (inhibitor of SK channels) or dantrolene (inhibitor of RyanR) during consolidation phase rescued the intraburst spike frequency defect in KI neurons (Fig. 3A,  B) . In support of the proposed hypothesis, application of apamin or dantrolene during consolidation phase also rescued structural plasticity defect in KI neuronal cultures (Fig. 5A-C) .
Similarly, we observed reduced levels of neuronal activity in loose patch recordings with KI hippocampal slices following tetanus stimulation (Fig. 6E, F) . These results suggested that during strong electrical stimulation, elevated ER Ca 2+ levels and increased RyanR expression lead to enhanced CICR and AHP in KI neurons. Pre-incubation of slices with dantrolene or apamine was able to rescue the L-LTP defects in KI slices (Fig. 7 ), but addition of dantrolene or apamin after three trains of tetanus stimulation (L-LTP induction) could not rescue L-LTP defects in KI slices (data not shown). Most likely explanation to this result is that consolidation mechanisms already initiated during second and third train of tetanus stimulation, and addition of blockers following tetanus stimulation is too late. Indeed, in loose patch experiments we observed reduced firing of KI neurons immediately following first stimulation train during L-LTP induction protocol (data not shown).
Our results support the hypothesis that enhanced CICR and increased AHP lead to reduced excitability of KI neurons during consolidation phase of structural plasticity and L-LTP (Fig. 8D) . Reduced levels of activity trigger depotentiation of synaptic plasticity in KI neurons. Calcineurin is a key mediator of "depotentiation" process [1, 2] in hippocampal slice functional plasticity studies, and in our structural plasticity experiments we demonstrated that addition of calcineurin inhibitor FK506 during consolidation phase rescued mushroom spine maintenance defects in KI neurons (Fig. 8A, B) . These results indicate that calcineurin mediates destabilization of mushroom spines in KI neurons following induction (Fig. 8D) , and that the structural plasticity and functional plasticity share common mechanisms.
Our results may also help to explain some of the contradictory results obtained in the previous synaptic plasticity studies with KI mice. Weak stimulation (such as single train of high frequency tetanus or TBS) induces short-lived LTP (E-LTP) that lasts less than 1 h. The induction of E-LTP depends on NMDAR and RyanR mediated Ca 2+ release [4] . Increased ER Ca 2+ levels and enhanced RyanR expression levels in KI mice may lead to E-LTP increase in this mice, as reported in some previous studies [11, 12] . Consistent with this explanation, application of RyanR inhibitor dantrolene impairs E-LTP induction in WT and 3xTg-AD mice [13, 44] . Strong stimulation (more than 3 trains of tetanus or 8 trains of TBS) induces L-LTP. Neuronal activity during consolidation phase is reduced in KI neurons due to increased CICR, enhanced activity of SK channels and supranormal AHP. This can explain why application of dantrolene blocks CICR and rescues structural plasticity and L-LTP defects in KI neurons. Thus, it is possible that some of the conflicting results obtained in studies of LTP in KI hippocampal neurons are due to the divergent contribution of RyanR-mediated Ca 2+ release to E-LTP induction and L-LTP maintenance processes, both of which can be strongly influenced by different experimental paradigms used in the studies.
Neuronal network dysfunction and memory impairments in AD
Our experiments with neuronal cultures and slices were performed in continuous presence of PTX to stimulate neuronal activity. In loose patch recording experiments performed in the absence of PTX, we observed that hippocampal neurons display very low levels of spontaneous activity in slice experiments (data not shown). However, published in vivo recordings suggest that hippocampal CA1 pyramidal cells fire at the rate of about 2-3 Hz during active behavior [49, 50] . When hippocampal slices were perfused with 10 M PTX in our experiments, the rates of neuronal firing were similar to the rates observed in vivo. Thus, in vitro studies of synaptic plasticity in the presence of 10 M PTX may reflect some relevant aspects of in vivo neuronal physiology. Moreover, increased neuronal network activity has been directly linked with AD phenotypes. Increased epileptiform activity and non-convulsive seizure was reported in animal models of AD and AD patients [51, 52] . Clusters of hyperactive neurons near amyloid plaques were reported in AD animal models [53, 54] . Increased network activity in AD brains was linked with a relative decrease in synaptic inhibition rather than increase in excitatory glutamatergic neurotransmission, suggesting impairment in GABAergic function [53, 55] . A recent report demonstrated that the network dysfunction and memory deficits in AD mice may arise from inhibitory interneuron deficit [56] . In our own studies, we demonstrated that genetic knockout of RyanR3 leads to increased network activity and exacerbation of pathological phenotypes in young AD mice [42] .
Treatment of AD mice with anti-epileptic drug levetiracetam produced beneficial effects in behavioral experiments [57] . Potentially promising results were obtained when levetiracetam was used to treat MCI human patients [58] .
These results indicate that important component of brain dysfunction in AD is linked with neuronal network hyperexcitability. Interestingly, we did not observe significant difference in L-LTP between WT and KI slices in standard recordings conditions (data not shown), but L-LTP was impaired in KI neurons in the presence of PTX. Our results suggest a potential cross-talk between excessive network activity and impaired memory retention in AD brains. We suggest that increased levels of basal activity result in elevated steady-state Ca 2+ levels in AD neurons, which may promote activity of Ca 2+ -activated potassium channels. As a result, AD neurons are more likely to shift from "consolidation" to "depotentiation" pattern of activity (Fig. 8D ) during consolidation phase of memory formation.
ER Ca 2+ dysregulation, neuronal excitability, and memory defects in AD and aging
AD is a disease of lost memories. LTP and LTD synaptic plasticity mechanisms are widely used to study formation and elimination of memories [1] [2] [3] [4] , and there are numerous papers focused on studies of LTP and LTD phenotypes in AD mouse models. It has been well documented that induction of LTP is impaired by application of A␤ 42 to the hippocampal slices and in A␤PP transgenic mice [5] [6] [7] [8] . These results are usually considered to be central for understanding memory defects in AD. However, as discussed in the previous section, PS1-M146V KI mice do not express human A␤PP protein and do not generate synaptotoxic human A␤ 42 peptide, but still display hippocampal memory defects in behavior studies [9, 10] and impaired L-LTP in electrophysiological experiments [12] . The results obtained in this study suggested that the hippocampal memory defects in these mice may come from increased ER Ca 2+ levels, enhanced CICR and AHP, which decrease neuronal excitability and leads to shift from "consolidation" to "depotentiation" pattern of activity, resulting in erasure of recently formed memories (Fig. 8D) . The proposed "depotentiation" mechanism may act in concert with the "basal synaptic maintenance" defect in KI mice due to impaired synaptic store-operated Ca 2+ entry, as described in our recent study [21] . Impaired maintenance of L-LTP was observed during neuronal aging [31] . Increased ER Ca 2+ levels, enhanced CICR, and increased AHP were also reported for aging hippocampal neurons [27, 28] and have been proposed to be linked to memory impairment in aging [59, 60] . Increased CICR and enhanced CaN activity have been suggested to be responsible for synaptic plasticity changes in aging neurons [29, 30, 60] . Our studies suggest that signaling mechanisms responsible for synaptic abnormalities in KI neurons share many similarities with mechanisms responsible for synaptic plasticity defects in aging neurons. Therefore, mechanisms described in the current study are likely to be relevant not only to memory impairment in PS-FAD, but also to sporadic age-related memory decline. Our results and previous studies in aging neurons suggest that pharmacological inhibitors of CICR, SK channels and calcineurin may help to slow down memory decline in aging and AD. Additional studies in animal models of AD and aging are needed to test these predictions.
